Dispersive mirrors operating in a broadband infrared spectral range are reported for the first time. The mirrors are based on Si/SiO 2 thin-film materials. The coatings exhibit reflectance exceeding 99.6% in the spectral range from 2 to 3.2 µm and provide a group delay dispersion of −100 fs 2 and −200 fs 2 in this range. The fabricated mirrors are expected to be key elements of Cr:ZnS/Cr:ZnSe femtosecond lasers and amplifiers. The mirrors open a new avenue in the development of ultrafast dispersive optics operating in the infrared spectral range.
inevitable oscillations in GDD [11] reach too high values. In the present work, the thin-film materials Si and SiO 2 are used for the first time for the design and production of DMs in the infrared spectral range from 2 to 3.2 µm.
In Section 2, design and production of the DMs are described. In Section 3, experimental data are presented and discussed. Conclusions are presented in Section 4.
Design and production
For the DMs operating in the range 2-3.2 µm, the pair thin-film materials Si/SiO 2 is very promising since a quite high ratio of the refractive index values ( ≈ 2.3) is provided. For comparison, thin-film materials typically used in the visible-near-infrared spectral ranges have the refractive index ratio 1.4-1.6. As a substrate, Suprasil (fused silica) of 6.35 mm thickness was used. Nominal refractive indices of SiO 2 and Suprasil were described by the well-known Cauchy formula:
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where 0 1 2 , , A A A are dimensionless parameters, 0 1000 λ = nm, λ is specified in nanometers. . The dispersion data of Si layers was found in the following way. As a first approximation, Si refractive index values were taken from [12] . The wavelength dependence ( ) H n λ can be approximated in the spectral range from 1400 nm to 5000 nm by the Cauchy formula with A 13-layer quarter-wave mirror with the central wavelength of 2100 nm was fabricated. Reflectance data of the produced quarter-wave mirror was measured with the help of Universal Reflectance accessory (Perkin Elmer) in the range from 1400 nm to 3000 nm where Si-layers are definitely non-absorbing. The initial correspondence between nominal and experimental data is shown in Fig. 1(a) . In this Figure, one can easily observe that the high reflection zone of the produced sample is narrower than the width of the high reflection zone predicted by the theory. It follows from the estimation of the width of the high reflection zone ( [13] , p. 77) that the actual ratio of the high and low refractive index values is smaller than the ratio of the nominal refractive indices. Hence, it can be assumed that the Si-refractive-index has a negative offset, i.e. actual refractive index is
For
Calculating model reflectance for different values of this offset H n Δ , it is possible to find the best correspondence between the measurement and model reflectance data (see Fig. 1(b) ). The best fitting is achieved with
For further theoretical designing, the Sirefractive index was described by the Cauchy formula with The DM designs were calculated with the help of the needle optimization method implemented into the OptiLayer software [14, 15] . The design process was based on the optimization of the merit function evaluating the closeness of actual and target spectral characteristics. The merit function was defined as In the present work, two design problems were solved. In both design problems, target reflectance was 100% (that corresponds to the first term in Eq. (2)). Target group delay dispersion Ĝ DD equals to −100 fs 2 and −200 fs 2 for the first and the second design problems, respectively (second term in Eq. (2)). As a result, for each design problem one DM was synthesized. The first DM design, named CM1705, contains 22 layers and it has total physical thickness of 6.9 µm. The second one, named CM1708, comprises 26 layers and it has the total thickness of 7.3 µm. Nominal reflectance and GDD curves of CM1705 and CM1708 designs are presented in Fig. 2 . The structures of CM1705 and CM1708 designs are shown in Fig.  3 (a) and Fig. 4(a) , respectively.
The GDD ripples are inevitable in any dispersive mirror. The ripples can broaden/deform the pulse shape and lead to appearance of satellites with initial single pulse [11, 16] . The period of the ripples in the spectral domain determines the position of the satellite in the time domain, and the amplitude of these oscillations defines the amount of energy, which transfers into the satellite(s). Until now, there exists no analytical estimations of the amplitude of the GDD ripples, which can lead to deformation of the initial pulse. However, for each designed DM, the model calculations can be performed. In Figs. 2(c)-2(d), the simulated envelopes of the input Fourier-limited pulse and pulse reflected from the designed CM1705 and CM1708 DMs are presented. In the course of the model calculation, it was assumed that the full width of half maximum of the input pulse is 50 THz and the central wavelength is 2500 nm. Despite the ripples in the GDD, the shape of the reflected pulse is very close to the Fourier-limited one. The duration of input and output pulses are about 24 fs.
The synthesized DMs were fabricated using a Leybold Optics magnetron sputtering Helios plant, with the layer thicknesses controlled using well-calibrated time monitoring [16] . The plant is equipped with two proprietary dual-magnetrons and a plasma source for ionassisted reactive middle frequency dual magnetron sputtering. The magnetrons were optimized for high sputtering rates and high optical layer performance. The system was pumped by turbo-molecular pumps to 6 1x10 − mbar before deposition. Argon and oxygen were used for both magnetrons. In the magnetron cathodes, Si target was used. The electric power of the Si cathode was 4500W. The gas pressure was 3 1x10 − mbar during the sputtering process. In the case of SiO 2 layers, oxygen was fed near the targets to oxidize the sputtering films. The distance from the targets to the substrates was 100mm. The purity of the Si target was 99.999%. By changing the electric power applied to the cathode, it was possible to increase or decrease the sputtering rate. We found that the film quality degrades at high rates and good film quality was realized at the rate of around 0.5 nm/s for both materials.
Two samples were fabricated, CM1705 and CM1708 having design structures CM1705 and CM1708, respectively.
Experimental data and discussion
After the deposition, reflectance data of CM1705 and CM1708 samples was measured by the URA in the range from 1200 nm to 3100 nm with the wavelength step of 1 nm (see red curves in Fig. 3(b) and Fig. 4(b) ), the measurement accuracy is 0.2%. The reflectance data in the high refection zone from 1900 nm to 3100 nm was taken with a longer acquisition time of 0.5 sec per spectral point in order to achieve measurement accuracy about 0.1%. This experimental data are presented separately in Fig. 3(c) and Fig. 4(c) . In order to visualize the performance of the produced DMs, the reflectance data of the mirrors in the high reflection zone is compared with the reflectance data of a gold mirror (see Fig. 3 (c) and Fig. 4(c) ). It is seen that the reflectance of the produced mirrors exceeds the reflectance of the gold mirror which provides 98.7% reflectivity and can serve as a reference. In Fig. 3(b) and Fig. 4(b) , reflectance in the wavelength range from 3000 nm to 5000 nm measured by Fourier transform infrared (FTIR) spectrometer Vertex 70 from Bruker Optics GmbH is shown by blue curves. The measurement accuracy is 0.2%. In Figs. 3(b) -3(c) and Figs. 4(b)-4(c) one can observe the good correspondence between experimental and nominal coating performances. The degradation of reflectance indicated in the range 2600-2900 nm is caused by the OH absorption inevitable even in high-quality optical coatings. In addition, OH vapor in the air absorbs the radiation. The degradation can be observed in the gold mirrors as well. Assuming that each mirror has a reflectance of 99.6%, the total reflectance loss after the six bounces (four bounces at CM1708 and two bounces at CM1705) will be: ( ) 6 0.996 100% 97.6% ⋅ = .
With these six bounces, the GVD of + 1000 fs 2 can be compensated. Actually, GDD after six bounces:
GDD 200 fs 4 100 fs 2 1000 fs . = − ⋅ − ⋅ = − The group delay (GD) experimental values of CM1705 and CM1708 were extracted from the data recorded by a mid-infrared white-light interferometer (WLI) developed in-house [17] . The WLI uses FTIR spectrometer Vertex 70 having an external input which allows one to measure the light from the Michelson-type interferometer described in [17] . The spectral resolution of the WLI is defined by the spectral resolution of the FTIR spectrometer, which in its turn depends on the wavelength. The device records 8000 spectra with a resolution of 10 cm -1 . This corresponds to a wavelength resolution of 100 nm at the wavelength of 10 μm and to 25 nm at a wavelength of 2 μm. FTIR spectrometers typically used in the mid-infrared spectral range are less sensitive than visible-near-infrared spectrometers. As a result, the midinfrared interferograms measured with the WLI are more noisy. For the evaluation of the interferograms acquired by the WLI, a special algorithm was developed [17, 18] . The GD values are derived as time points corresponding to the maximum of the interferogram. These points are found by fitting the interferogram with a Gauss-function. The uncertainty in the time axis of this fit is a source of noise in the GD result. The GDD curves are noisier since that are calculated as a derivative of the noisy GD curve. Actually, averaging is applied to smooth the curves, but this unfortunately reduces the spectral resolution. Taking into account the issues shortly described above, the GDD curves are not presented in the current work. The carefully measured GD data are plotted in Fig. 3(d) and Fig. 4(d) . The noise level is about 10-12 fs. In Fig. 3(d) and Fig. 4(d) , these values are compared with the theoretical GD curves and the good correspondence is clearly demonstrated. 
Conclusions
Two broadband dispersive mirrors providing the group delay dispersion of −100 fs 2 and −200 fs 2 in the spectral range from 2 to 3.2 µm have been successfully designed and produced for the first time. The Si/SiO 2 thin-film material pair has been used in order to provide the high contrast between high and low refractive indices and to achieve high reflectance and specified group delay dispersion in the broadband spectral range. Unprecedented reflectance exceeding 99.6% and proven group delay dispersion in a broadband infrared spectral range allows applications of the produced coatings inside the Cr:ZnS/Cr:ZnSe femtosecond lasers and amplifiers. The new materials pair opens a new horizon in design and production of multilayer optics in 2-4 µm spectral range. 
